We revisit the relation between the neutrino masses and the spontaneous breaking of the B − L gauge symmetry. We discuss the main scenarios for Dirac and Majorana neutrinos and point out two simple mechanisms for neutrino masses. In this context the neutrino masses can be generated either at tree level or at quantum level and one predicts the existence of very light sterile neutrinos with masses below the eV scale. The predictions for lepton number violating processes such as µ → e and µ → eγ are discussed in detail. The impact from the cosmological constraints on the effective number of relativistic degree of freedom is investigated.
I. INTRODUCTION
The discovery of the Standard Model (SM) boson responsible for the electroweak symmetry breaking five years ago was crucial to establish the SM as one of the successful theories of nature. Nowadays it is well-known the mechanism responsible to generate masses for the charged fermions in the SM but unfortunately we cannot explain the ratio between their masses.
Today, we know that the neutrinos are not massless: the solar and atmospheric mass squared differences are known from neutrino experiments with a very good precision, see Ref. [1] for the current values, and there are some important bounds from cosmology, see for example Refs. [2] [3] [4] [5] [6] . However, we still do not have any clue about the mechanism behind their mass generation. Clearly, the fact that in the Standard Model neutrinos are exactly massless forces one to go beyond to understand the origin of their masses. See Refs. [7] [8] [9] for recent reviews about neutrino mass mechanisms.
In the Standard Model the charged fermion masses are proportional to the electroweak (EW) symmetry breaking scale. In the case of the neutrinos, the simplest way one can relate their masses to a new symmetry breaking scale is to consider scenarios where B − L is a local gauge symmetry. Here B and L are for baryon and lepton numbers, respectively. As it is well-known, B − L can be an anomaly free local symmetry by adding three copies of right-handed neutrinos to the standard fermion content. If B − L is never broken one can explain why neutrinos are Dirac particles, while when it is spontaneously broken one can investigate the generation of Majorana masses.
In this article we revisit the connection between the neutrino masses and the B − L symmetry breaking scale. We discuss the different scenarios where the neutrinos can be Dirac or Majorana fermions. In the case where they are Dirac fermions, we discuss the B − L Stueckelberg extension of the SM. We also discuss the well-known scenario of canonical seesaw, where the B − L symmetry is spontaneously broken in two units. In this context, the right-handed neutrinos are typically heavy and the light neutrinos are Majorana particles. However, in this letter, we point out two scenarios where the neutrinos are Majorana particles and one predicts the existence of very light right-handed neutrinos. In the first scenario, the B − L is broken in two units but the right-handed neutrinos are very light, with masses below the eV scale. In this case, the neutrino masses are generated at tree level through the inverse Type II 'seesaw' mechanism. In the second mechanism, the right-handed and left-handed Majorana neutrino masses are generated at the one-loop level. In this case the right-handed neutrinos are also very light.
We investigate the main phenomenological constraints for the neutrino mass mechanisms where the right-handed neutrinos are very light. We discuss in detail the cosmological bounds on the effective number of relativistic degrees of freedom to impose non-trivial bounds on the neutrino interactions. We show that the cosmological bounds are as competitive as the current collider bounds on new gauge bosons interacting with all the SM fermions. The predictions for the lepton number violating processes such as µ → e and µ → eγ are investigated in detail. Lepton flavor violating (LFV) transition searches are nowadays one of the most sensitive probes of new physics and their sensitivity is expected to be improved at least 3-4 orders of magnitude in the near future. Therefore, the prediction of light sterile neutrinos and testable lepton number violating signals at the current and future experiments make the Radiative seesaw model proposed in this Letter an appealing mechanism to generate neutrino masses in the context of B − L gauge symmetries.
This letter is organized as follows: In section II we discuss the main mechanisms for neutrino masses in simple theories where B − L is a local symmetry, in section III the main features of the B − L radiative seesaw mechanism are discussed, in section IV we discuss the cosmological bounds, in section V we discuss the predictions for lepton number violating processes, while in section VI we summarize the main results.
II. NEUTRINO MASSES AND B-L GAUGE SYMMETRY
It is very well-known that there is a simple connection between the generation of neutrino masses and the B − L gauge symmetry. The B − L local symmetry is the simplest symmetry which can be anomaly free by adding three copies of arXiv:1708.02247v2 [hep-ph] 18 Dec 2017 right-handed neutrinos, i.e. ν i R with i = 1, 2, 3. Here we discuss the simplest mechanisms for neutrino masses where the B − L gauge symmetry is spontaneously broken and define the seesaw scale.
• Dirac Neutrinos: As the other SM fermions, neutrinos can be Dirac fermions, and in this case the relevant Lagrangian is given by
where L ∼ (1, 2, −1/2, −1), H ∼ (1, 2, 1/2, 0), and ν R ∼ (1, 1, 0, −1). Here the local B − L gauge symmetry forbids the Majorana mass for right-handed neutrinos, and the gauge boson Z BL can acquire mass in two different ways: a) Using the Stueckuelberg mechanism [10] one can generate a mass for the Z BL without breaking the gauge symmetry [11] through the following terms
where the gauge transformation is written as δZ • Canonical Seesaw [12] : In the case when S BL ∼ (1, 1, 0, 2) breaks B − L one can generate Majorana masses for the right-handed neutrinos at tree level. This is the case of canonical Type I seesaw and the relevant Lagrangian is given by
with λ R = λ T R . The neutrino mass matrix in the basis (ν, ν C ) reads as
where
Here v BL = √ 2 S BL defines the seesaw scale. In this case, the right-handed neutrino masses can be large and the upper bound on the B − L breaking scale is around 10 14 GeV. Therefore, there is a priori no reason to expect this particular realization of the seesaw mechanism to be tested in the near future.
In the case when the right-handed neutrino masses are below the TeV scale, they can be produced through the B − L gauge boson, i.e. pp → Z * BL → N N , see for example Ref. [13] for the study of these signatures at the LHC. It is important to emphasize that in the context of the canonical seesaw the symmetry breaking scale can be large and we might never be able to test this idea.
• B − L Inverse Type II seesaw: One can have a different scenario for the generation of neutrino masses by breaking the B − L symmetry with a scalar triplet ∆ ∼ (1, 3, 1, 2), which generates Majorana masses for the left-handed neutrinos. In this context, the B − L symmetry is broken in two units but the right-handed neutrinos are very light as we will show. The relevant Lagrangian for our discussion is given by
In this context the neutrino mass matrix in the basis
with v ∆ / √ 2 being the vacuum expectation value of the neutral component of the triplet, δ 0 . Clearly, in this scenario the right-handed neutrino masses will be smaller or have similar values as the left-handed neutrino masses. In this case there are two main possibilities to consider:
In order to avoid large mixing between the active and sterile neutrinos one should work in the limit M 
and
Then, we have the interesting result that the righthanded neutrinos, 'sterile' neutrinos, must be very light even if B − L has been broken in two units.
Now, since the vacuum expectation value of the ∆ field cannot be large, v ∆ 4 GeV, one needs to add a new Higgs, S ∼ (1, 1, 0, n BL ) with |n BL | > 2, in order to generate a large mass for the B − L gauge boson. Here |n BL | > 2 is required to avoid any higherdimensional operator which could generate masses for the right-handed neutrinos. Unfortunately, in this case one predicts the existence of an extra Goldstone boson, the Majoron, and one has a new contribution to the Z decays, Z → Jδ R . Here J is for the massless Majoron and δ R for the light CP-even Higgs. This model is ruled out as the original Roncadelli-Gelmini model [14] .
It is important to mention that the simplest scenario, with only the scalar triplet and the SM Higgs in the scalar sector, can be realistic because the Majoron is eaten by the Z BL . However, since v ∆ 4 GeV the Z BL has to be very light and one needs to assume a very small g BL gauge coupling to satisfy all experimental bounds, see for example [15, 16] , and therefore it is very difficult or impossible to test this mechanism.
• B − L Radiative Seesaw Mechanism: Now, we would like to point out a second mechanism for neutrino masses where the B − L symmetry is spontaneously broken. One can generate neutrino masses at one-loop level using the Zee-mechanism [17] . In this scenario we study a simple extension of the Zee mechanism where the local B − L gauge symmetry is spontaneously broken. In order to generate neutrino masses only through the Zee mechanism the needed interactions are given by
, and the fields δ + ∼ (1, 1, 1, 2), H i ∼ (1, 2, 1/2, 0) and Σ ∼ (1, 3, 0, 2) which is given by
In this case one can generate masses for the left and right-handed neutrinos at the one-loop level according to Fig. 1 and, as we will explain in the next sections, the right-handed neutrinos have to be light in this context. In this case the neutrino masses, as in the previous scenario, are proportional to the vacuum expectation value of the real triplet breaking the local B − L which has to be below the GeV scale. Notice that the field Σ cannot generate masses for the right-handed neutrinos at tree level. As in the previous case, in order to generate a large mass for the B − L gauge boson, a new Higgs, S ∼ (1, 1, 0, −4) must be included in this model.
As one can appreciate, we have pointed out two models based on the spontaneous breaking of the B − L gauge symmetry where the right-handed neutrinos are very light with mass below the eV scale. Unfortunately, in the case of Inverse Type II seesaw one needs to assume a very small B − L gauge coupling to be in agreement with the experiment. In the next section we will focus on the B − L Radiative Seesaw Mechanism which can be realistic and could be tested in current or future experiments.
III. B − L RADIATIVE SEESAW MECHANISM
As we have discussed before, the neutrino masses can be generated at one-loop level as we have shown in Fig. 1 . In this scenario in order to generate neutrino masses one has two Higgs doublets (including the SM Higgs) H i ∼ (1, 2, 1/2, 0), a singly charged Higgs δ + ∼ (1, 1, 1, 2) and a Higgs triplet Σ ∼ (1, 3, 0, 2). Here we discuss some of the main features of this model. The W-mass in this case is given by
2 is the vacuum expectation value of the Higgs doublet H i .
In this scenario there is no mixing between the new neutral gauge boson Z BL and the rest of SM gauge bosons. Since the vacuum expectation value of the triplet contributes to the Wmass, one finds that the variation of the ρ parameter is given by
As in the case of the Inverse Type II seesaw, the ρ-parameter imposes an upper bound on the triplet vacuum expectation value, v Σ 3 GeV [18] . In this context the mass of the new gauge boson is given by
Here v S / √ 2 is the vacuum expectation value of the field S ∼ (1, 1, 0, −4) needed to generate a large mass for the B − L gauge boson. Here S plays a twofold role: since in the scalar potential the term TrΣ 2 S is allowed one avoids the existence of extra Goldstone bosons and since the vacuum expectation value can be large one can satisfy the experimental bounds on the B − L gauge boson without assuming a small gauge coupling.
Using the interactions in Eq. (10) one can compute the neutrino masses generated at the one-loop level. The mass matrix for the charged Higgses is diagonalized by the following unitary matrix V,
and the mass matrix for neutrinos is given by
In this case when Y ν is very small one has an inverse seesaw for the neutrino masses since
This scenario represents the most interesting case since one can have a small mixing angle between the left-handed and right-handed neutrinos. Therefore, as in the case of the Inverse Type II seesaw mechanism, here we predict the existence of light righthanded neutrinos. Their masses should be below or at the scale of the left-handed neutrinos.
In order to complete our discussions we show in Fig. 2 the branching ratios for the B − L gauge boson for different mass values. As we can see in Fig. 2 the invisible branching ratio can be very large, between 40% − 30% in the mass range shown, due to the presence of very light right-handed neutrinos. The branching ratio into charged leptons is basically equal to the invisible decays as we show in Fig. 2 . In this model, neglecting the mixing among the scalars without loss of generality, the Z BL can decay into singly charged Higgses, δ ± and Σ ± 1/2 in the triplet, as we have shown in Fig. 2 . We do not consider here the possibility of Z BL decaying into neutral Higgses since the massive CP-odd field is predicted to be at the B − L scale. Only for illustration we use the values m Σ
= 400 GeV and m δ + = 600 GeV. In summary, the B − L gauge boson has a large invisible branching ratio = 400 GeV and m δ + = 600 GeV have been taken for illustration. and the singly charged Higgses can be produced through this new force.
IV. COSMOLOGICAL BOUNDS
In the two models for neutrino masses presented above one predicts the existence of very light right-handed neutrinos with masses below or at the eV scale. Such dark radiation is parameterized as the number of effective thermalized neutrino species, N ef f , and impacts several cosmological events including nucleosynthesis and the time of matterradiation equality. In this section we show the constraints on the parameters of the model in order to satisfy the cosmological bounds.
The contribution of the very light sterile neutrinos to N ef f depends on how they have been thermalized. In this case the thermalization can take place through two mechanisms:
• Through the sterile-active oscillations, see for example
Refs. [19] [20] [21] [22] for different studies.
• Through new interactions, see for example the studies [23] [24] [25] .
In the models proposed above we predict that the sterile neutrinos must have mass below or at the scale similar to the left-handed neutrinos and the mixing angles between the left and right-handed neutrinos are not predicted. Assuming that the mixing angle is very small we investigate the bounds from the measured N ef f values on the new interactions as in the second mechanism mentioned above. The change on N ef f due to the contribution of the light right-handed neutrinos is given by These bounds have been obtained using different data set, for details about these bounds see Ref. [26] .
In order to constrain the new interactions present in our model we use these bounds and evaluate the decoupling temperature for different values of the input parameters g BL and M Z BL .
The decoupling temperature of the right-handed neutrinos can be computed using the relation
where the annihilation rate of right-handed neutrinos with other SM particles is given by
Here, v M represents de Moller velocity v M = (1 − cos θ) where θ is the angle between the two colliding particles. The function f N (k) is the Fermi-Dirac distribution, defined as
and the number density of the right-handed neutrinos, n N , which spin number is g N = 2, is given by
The cross-section of the right-handed neutrinos annihilation into SM particles is given by
where s = 2pk(1 − cos θ), Q 3 for quarks and 1 for leptons. Now, working in the relevant limit M 2 Z BL s one finds
On the other hand, we have the Hubble parameter, defined as
where g(T) represents the relativistic degrees of freedom of the SM which values are given in Ref. [23] . Therefore, now we are ready to understand the cosmological constraints in this model. In Fig. 3 we show the numerical results for the effective number of relativistic degrees of freedom as a function of the ratio between the B − L gauge boson mass and gauge coupling. As one can appreciate, the ratio M Z BL /g BL must be larger than 7 − 8 TeV in order to be in agreement with the cosmological constraints. This bound is competitive with the collider and electroweak precision bounds M Z BL /g BL > 6 − 7 TeV [27] [28] [29] . In this way we show that one can have a consistent picture with cosmology in these models even if the righthanded neutrinos are very light.
V. LEPTON NUMBER VIOLATING PROCESSES
In the canonical B − L models for neutrino masses the lepton number violating processes such as µ → eγ are highly suppressed. The branching ratio, see left graph in Fig. 4 for the Feynman graph, is strongly suppressed by unitarity constraints on the mixing matrices V ν , as well as in the SM case, which is given by
where V ν refers to the rotation matrix which brings neutrinos to their flavor-diagonal basis. Here one can see how the loop factor, defined as
gives a constant for a very suppressed mass ratio, which is therefore suppressed by the unitarity constraints on the mixing matrix. However, in the context of the Radiative Seesaw mechanism, the presence of the Yukawa couplings λ L and λ R , which enter in the amplitude according to right graph in Fig. 4 , avoid the unitarity suppression and the amplitudes of the process µ → eγ mediated by δ + are given by
where the loop-factor is given by
Here we have neglecting the mixing among charged scalars. In the above expressions A R and A L refer to the amplitudes entering in the process µ → eγ according to
where p µ and q µ are the muon and photon quadrimomenta. In Fig. 5 we show the predictions for the branching ratio for the process µ → eγ. As Fig. 5 shows, for a reasonable light choice of the mass of the charged singlet, we have LFV signals entering in our range of visibility, which makes the model testable regarding current and future experiments. In Fig. 5 , the red line shows the current upper bound on µ → eγ, given [30] and the orange dashed line shows the projected bound 6 × 10 −14 [31] .
by the MEG experiment at PSI,
which is expected to be further improved to 6×10 −14 (orange dashed line) [31] . Even if µ → eγ is nowadays the most constrained LFV process, it is very interesting to also look at µ → e conversion, which bounds on different nuclei are reported in Table I . Projected bounds on µ − e conversion, unlike on µ → eγ, are expected to be improved up to four orders of magnitude according to future experiments such as DeeMe at J-PARC [32] , with a sensitivity of 10 −14 , COMET at J-PARC [33] , with 10 −16 , and Mu2e at Fermilab [34] , with 6 × 10 −17 . Therefore, these projected bounds provide a good motivation for the study of these processes. [37] In Figs. 6 and 7 we show the predictions on the branching ratio for µ − e conversion processes in nuclei such as aluminium (Al), titanium (Ti), gold (Au) and lead (Pb). The computation of the branching ratios for µ − e conversion has been done following Ref. [38] (see this reference for details). For the first two nuclei, the projected bounds are 10 −14 (DeeMe) [32] and 10 −17 (COMET and Mu2e) [33, 34] , as we show in the dashed lines.
We would like to emphasize on the testability of the Radiative Seesaw mechanism model via LFV signals like i → j γ and µ − e conversion in comparison with other models, like the canonical Type I seesaw mechanism, which are hopeless Table I ). The dashed lines show the projected sensitivities of the experiments DeeMe with 10 −14 [32] (green line), COMET with 10 −16 and Mu2e with 6 × 10 −17 [33, 34] (orange line).
to be tested in the current and even future experiments. Apart from the prediction of light Sterile neutrinos, the fact of predicting accessible LFV at colliders makes the model one of the most attractive B − L extensions of the Standard Model.
VI. SUMMARY
We have discussed the relation between the generation of neutrino masses and the spontaneous breaking of the B − L gauge symmetry. We have proposed two simple models where the neutrino masses are generated dynamically in the context of theories where the B −L gauge symmetry is spontaneously broken. In the first model the B − L symmetry is broken in two units but the right-handed neutrinos are predicted to be very light; they must have masses below the eV scale. In this case the neutrino masses are generated through the B − L Inverse Type II seesaw mechanism. In the second model the Majorana masses for the right-handed and the SM neutrinos are generated at the quantum level through the B −L radiative mechanism. The right handed neutrino masses are predicted to be very light as in the first model. Only the B − L radiative Table I ). seesaw mechanism can be realistic without assuming small gauge coupling and could be tested in the near future.
We have discussed the main phenomenological and cosmological constraints. The bounds coming from the constraints on the effective number of relativistic degrees of freedom have been discussed in detail. These bounds are as competitive as the collider bounds on the B − L breaking scale. The implications for the decays of the B − L gauge boson have been discussed in order to understand the testability of these models at collider experiments. We have investigated in detail the predictions for lepton number violating processes such as µ → eγ and µ → e conversion in nuclei, showing that the radiative B − L seesaw mechanism could be tested in the future LFV experiments. The B − L radiative seesaw mechanism proposed in this Letter can be considered as an appealing mechanism for neutrino masses.
